Odor and VOCs emissions associated with swine production facilities is a major concern for the swine industry. Swine manure is one of the major sources of odor from swine operations. Odor control approaches include ration manipulation, improved manure treatment processes, capture and treatment of odorous gases, and improved dispersion. This study was conducted to investigate the effects of low level of crude protein and low sulfur content in small swine diet on odor and VOCs emissions from the headspace of swine manure. Small pigs in metabolic stalls were fed twice daily over 28 days with diets containing either 19.36 % crude protein, 7.06 % cellulose and 2,296 mg/kg sulfur (diet B) or 17.83 % crude protein, 6.82 % cellulose and 1,772 mg/kg sulfur (diet H). Three replicate trials were conducted and three pigs were used for each diet. All excreted manure (feces and urine) were collected daily after morning feeding and added to the manure storage vessel designed to hold waste from the same growing pig. Gas samples were collected from the headspace of manure storage container using 85 µm Carboxen/PDMS SPME fibers at the end of each trial and three replicate gas samples were collected for each pig. All samples were analyzed simultaneously for chemicals and odors on a GC-MS-olfactometry system. Statistical analyses were performed to determine the effects on diets on target odorous chemicals and odor. A total of 40 compounds belonging to 14 chemical classes were identified the headspace of swine manure. A subset of 14 odorous compounds responsible for the characteristic odor of swine manure odor were selected for statistical analyses. Lower sulfur and lower crude protein diet was associated with reduced methanethiol (p=0.0686), dimethyl sulfide (p=0.0006), 2,4-dithiapentane (p2S) (p=0.0014), 'acetic' (acetic acid) (p=0.00001), 'skunky' (2,4-dithiapentane) (p=0.0261), 'onion' (dimethyl trisulfide) (p=0.0122) and phenolic' (4-ethyl phenol) (p=0.0168). The authors are solely responsible for the content of this technical presentation. The technical presentation does not necessarily reflect the official position of ASABE, and its printing and distribution does not constitute an endorsement of views which may be expressed. Technical presentations are not subject to the formal peer review process, therefore, they are not to be presented as refereed publications. Citation of this work should state that it is from an ASABE Section Meeting paper. EXAMPLE: Author's Last Name, Initials. The authors are solely responsible for the content of this technical presentation. The technical presentation does not necessarily reflect the official position of ASABE, and its printing and distribution does not constitute an endorsement of views which may be expressed. Technical presentations are not subject to the formal peer review process, therefore, they are not to be presented as refereed publications. Citation of this work should state that it is from an ASABE Section Meeting paper. EXAMPLE: Author's Last Name, Initials. 
Introduction
Air pollution and odor nuisance problems have become a major challenge for the livestock production (Lehmann, 1973; Miner, 1974; Pain, 1991) . Swine production facilities are associated with the increased frequency of odor-related complaints compared to other species (NRC, 2003) . Malodors from swine operations arise from urine and feces, feed, and animal bodies (Le, 2005) . The most significant source of odor is from the excreta of swine and their decomposition during collection, handling, storage, and spreading (Hartung and Phillips, 1994; Mannebeck, 1985; Pain et al, 1991) .
A variety of odor control techniques have been developed, such as biofilters (Noren, 1986) , bioscrubbers (Schirz, 1986) , manure spreading machinery (Phillips, 1990 ) and treatment of stored manure (Williams, 1991) . However, they have mainly focused on preventing odor from being emitted. Another type of odor control approaches is the diet manipulation.
Odor is mainly produced by microbial activities of non-digested dietary nutrients, endogenous products and indigenous bacteria secreted in the gastrointestinal tract under anaerobic conditions (Sutton, 1999) . Odorous compounds can be emitted immediately after feces are excreted. A great number of odorous compounds (more than 300) have been identified from the anaerobic degradation of livestock manures (Spoelstra, 1980; O'Neill and Phillips, 1992; Hartung and Phillips, 1994; Hobbs et al., 1995; Schiffman et al., 2001; Lo, et al., 2007) . The odorous compounds that mostly cause offensiveness can be classified into four main groups: volatile fatty acids, sulfurous compounds, indoles and phenols, ammonia and amines (P.D. Le, 2005) . The main precursors of odor formation are proteins and fermentable carbohydrates, especially from the breakdown of proteins (Zhu and Jacobson, 1999 ). Therefore, reducing the level of dietary crude protein would be expected to reduce the concentration of odorants in the manure.
Swine industry diets contain a larger amount of proteins than the animals require. Only a proportion of dietary protein is used for growth or other production activities of the animal. Unused (and sometimes large) fraction of protein is excreted. Proteins and their metabolites in the excreta are precursors for odor formation. Feed management can affect the composition of swine manure, especially with respect to N (Lenis, 1989; Cromwell and Coffey, 1993; Kerr, 1995) . There is abundant literature on the impact of the reduction of dietary protein supply to swine on the reduction of N excretion and ammonia emissions (Kerr, 1995; Hobbs et al., 1998; Zijlstra et al., 2001; Zervas and Zijlstra, 2002) . However, limited researches were done on the impact of feeding a reduced crude protein (CP) and amino-acids (AA)-supplemented diet on reducing odorous compounds. Hobbs (1996) reported reductions of VFAs and branched-chain VFAs, 4-methyl phenol, indole and skatole in manure from pigs fed low-protein diets (14 and 13% CP for grower and finisher diets, respectively) compared to high-protein diets (21 and 19% CP for grower and finisher diets, respectively). Sutton et al. (1998) used a low sulfur premix and a low protein diet and reported 63% reduction in mercaptans. However, Sutton et al. (1999) also reported no differences in phenolics or sulfur-containing compounds in feces from pigs fed 10, 13, or 18% CP diets. Moreover, Otto et al. (2003) reported an increase in total VFA concentration in the manure and a tendency to increase odor offensiveness from pigs fed reduced CP and AA-supplemented diets, while Shriver et al. (2003) reported lower VFA concentration. The effect of dietary protein levels on odor in the above-mentioned studies was inconsistent. Different sampling and sample preparation methods might partly contribute to this inconsistency.
Odor from swine production facilities is caused by a complex mixture of volatile compounds at very low concentrations (Spoelstra et al., 1980; Hammond et al., 1989) . To analyze the mixture, sampling and pre-concentration of the odorous compounds, separation and identification of the separate compounds are necessary. Combining the separation with identification on a GC-MS is the technique generally used (Mellon, 1994; Zahn, 1997) . Air sample collection methods include the use of sorbent traps (e.g. Tenax, Tenax-TA), Tedlar bags, whole air sampling, and solid phase microextraction (SPME). Since VOCs emitted from swine manure are often polar and reactive, they can undergo reactions and interact with sampling lines and containers, and can be affected by the presence of moisture (Keener et al., 2002; Koziel et al. 2005) . Thus, it has been challenging to develop robust sampling methods with reasonable sample recoveries for these compounds. To date, no standard method is available for odor-causing VOCs in livestock environments.
Solid phase microextraction eliminates the use of sampling containers and it combines sampling and sampling preparation into one step. Air sampling with SPME presents many advantages over conventional sampling methods (Pawliszyn, 1999; Koziel, 20001; Gorecki, 1999; Koziel, 2000) due to its simplicity, reusability, very good sample recovery (Koziel, 2005) and hydrophobic behavior of SPME coatings. To date, limited progress has been made with SPME applications to quantification of odorous gases in and around livestock operations. SPME has been useful for qualitative characterization and screening of livestock gases. Sampling of livestock VOCs and odorants with SPME has been used to characterize swine dust odorants , downwind odor impact of a beef cattle feedlot (Wright et al., 2005) , and downwind odor impacts of swine finisher operations (Bulliner et al., 2006; Koziel et al., 2006) .
Livestock odors are made up of hundreds of compounds (Spoelstra, 1980; O'Neill and Phillips, 1992; Hartung and Phillips, 1994; Hobbs et al., 1995; Schiffman et al., 2001; Lo, et al., 2007) . However, only a handful of compounds are responsible for the characteristic beef cattle and swine odor (Wright et al., 2005 , Bulliner et al., 2006 Koziel et al., 2006) . Odor reduction for livestock wastes could be directed towards the most significant characteristic odor-causing components (Cai et al., 2007) . Concentrations of key odorous compounds are often very low, e.g., in low ppb range or less. Therefore, suitable sampling/sample preparation and analytical methods are required for the identification of the key odorous compounds. The combination of GC-MS with an olfactory port (GC-MS-O) allows for simultaneous chemical and olfactory analysis of individual compounds. GC-MS-O is a helpful technique that can be used to identify the odor-causing compounds related to livestock operations (ASAE EP379.3, 2005 , ASABE standards, 2006 . Wright et al. (2005) demonstrated that SPME combined with a multidimensional GS-MS-Olfactometry (MDGC-MS-O) system can be used for sampling, simultaneous chemical and olfactory analysis, and prioritization of specific odorants associated with livestock. The same approach was used to determine the key compounds responsible for the characteristic swine odor Bulliner et al., 2006; Cai et al., 2006) . Thus, odor mitigation efforts could be directed towards the most significant characteristic odor-causing compounds.
The objective of this research was to qualitatively evaluate the effectiveness of feeding reduced CP and supplements of AA and lowering dietary sulfur content on odor and VOCs emission from swine manure headspace.
Materials and Methods

Sampling and Analysis of VOCs and Odor emitted from swine manure
Three replicate trials were conducted in this study. In each trial, three pigs were used for each diet and three replicate gas samples were collected for each pig. Small pigs (3 pigs/diet) were fed twice daily over 28 days with diets. During the last week of the experiment, samples of headspace gas emitted from swine manure in the manure tanks were collected by using 85 µm Carboxen/PDMS SPME fiber (Supelco, Bellefonte, PA) for 10 min extraction at room temperature (~21 ºC). SPME fiber was inserted into the headspace of swine manure tank through sampling port with green septa.
New fibers were conditioned according to the manufacturer's instructions. SPME fiber assemblies had their tensioning spring removed and samples were collected manually. Before each sampling, SPME fibers were desorbed in a GC injector for 5 min at 260 ºC, then wrapped in clean aluminum foil. Tight wrapping of SPME assemblies in aluminum foil sealed the fibers from the ambient environment. The operator wore nitrile gloves and avoided direct contact with the SPME needle to minimize interferences. After SPME sampling was complete, SPME fiber was enfolded in aluminum foil to be transferred to the Atmospheric Air Quality Laboratory at Iowa State University for analyses. The desorption time of SPME fiber was always 40 min at 260 ºC.
Samples were analyzed on a MDGC-MS-O system (Microanalytics, Round Rock, TX). The system integrated GC-O with conventional GC-MS (Agilent 6890N GC / 5973 MS, Agilent Inc., Wilmington, DE) as the base platform with the addition of an olfactory port. The system was equipped with a non-polar precolumn and polar analytical column in series as well as system automation and data acquisition software (MultiTrax™ V. 6.00 and AromaTrax™ V. 6.61, Microanalytics and ChemStation™, Agilent). The general run parameters used were as follows: injector, 260 °C; FID, 280 °C; column, 40 °C initial, 3 min hold, 7 °C / min, 220 °C final, 10 min hold; carrier gas, helium. Mass/charge (m/z) ratio range was set between 33 and 280 amu (atomic mass units). Spectra were collected at 6 scans/sec and electron multiplier voltage was 1500 V. The detector was auto-tuned weekly.
The identity of compounds was verified by combination of (a) high purity reference standards (Sigma-Aldrich, Fisher, and Fluka) and matching their retention time on the MDGC capillary column and mass spectra; (b) matching mass spectra of unknown compounds with BenchTop/PBM (Palisade Mass Spectrometry, Ithaca, NY) MS library search system and spectra of pure compounds, and (c) matching the description of odor character.
Three human panelists were used to sniff separated compounds simultaneously with chemical analyses. Odor evaluations consisted of qualitative comparisons of (a) the number of separated odor events and (b) the total odor defined here as sum of the product of odor intensity and odor event duration for all separated odor events recorded in an aromagram , Bulliner et al., 2006 . In this approach, odor intensity and odor character are recorded and measured for each compound in an air sample causing odor without considering potential odorant interactions. An aromagram was recorded by a panelist utilizing the human nose as a detector. Odor events resulting from separated compounds eluting from the column were characterized for odor descriptor with a 64-descriptor panel and odor intensity with Aromatrax software (Microanalytics, Round Rock, TX). The olfactory responses of a panelist were recorded using Aromatrax software by applying an odor tag to a peak or a region of the chromatographic separation. The odor tag consisted of editable odor character descriptors, an odor event time span (odor duration) and perceived odor intensity.
The relative % reduction was used to evaluate the effectiveness of different diet treatments. Relative amount of volatiles present in the headspace above the manure was measured as peak area counts under peaks of characteristic single ions for separated gases. Treatment effectiveness of specific VOCs and potential odor control measured with the GC-O approach was expressed as percent reduction, i.e., as the ratio of the difference between the control and treatment to the control, of the form:
where: Ci = peak area count of compound or odor "i" for the standard diet swine manure, and Ti = peak area count of compound or odor "i" for the dietary reduced CP with AA supplement and low sulfur content swine manure.
Positive value of % reduction means the reduced dietatry treatment was effective for that particular compound. Negative numbers signify that the dietary treatment was not effective, i.e., treatment generated a particular compound instead of reducing it. The relative reduction did not refer to specific concentrations.
Statistics analysis
Statistical analyses were performed using JMP (Inst. Inc., Cary, NC).
Results and Discussion
Identification of VOCs emitted from headspace of swine manure
The choice of the most suitable coating is very important for achieving good selectivity of the target analytes. The principle of "like dissolves like" can be applied to fiber selection. The pore size of carboxen/PDMS (2-20 A°) is ideal for trapping small molecules and its high porosity provides a large surface area. These fibers have high sensitivity for volatile acids and alcohols (< C8), C2 -C8 aldehydes and C3 -C9 ketones (Pawliszyn, 1999) and have been used to analyze sulfur compounds (Gorecki, 1999) . Many volatile components from swine manure fall into these chemical groups. Carboxen/PDMS has been successfully used to characterize swine dust odorants , downwind odor impact of beef cattle feedlot (Wright et al., 2005) , and downwind odor impact of swine finisher operation (Bulliner et al., 2006; Koziel et al., 2006) .Therefore, 85 um Carboxen/PDMS was selected in this study because of its broad specificity and sensitivity on the characteristic VOCs related to swine odor.
A total of forty eight compounds identified from the headspace of swine manure tank (Table 1) . They belong to fourteen chemical classes with the numbers of compounds in each class, i.e. alkanes (2), alcohols (7), aldehydes (7), ketones (7), acids (2), S-containing compounds (9), aromatics (4), phenolics (5), indolics (2), halogenated compounds (1), ether (1) and terpene (1). Thirty three out of 47 compounds identified in this study were confirmed with the retention time and spectrums of authentic standard compounds. The remaining 14 were identified with BenchTop/PBM mass spectrometry library search system (match above 70%) and by matching their known odor character (Flavornet, 2007) . Most of the identified odorants from the headspace of swine manure in this study were consistent with the previous researches (Lo et al., 2007; Schiffman, et al., 2001; O'Neill and Phillips, 1992) . Many odorants among these compounds originate from protein sources within the gut and slurry (Hammond et al, 1989) . Branched chain volatile fatty acids are degradation products from protein (Allison, 1978) , sulfides from the sulfur containing protein, i.e. dimethyl sulphide, dimethyl disulfide and dimethyl trisulfide and hydrogen sulfide from methionine; (Hammond et al, 1989) . Phenol, 4-methyl phenol, indole and skatole are produced from the degradation of the amino acids tryptophan and tyrosine in feces (Spoelstra, 1980) . There are only two VFAs were detected in the headspace gases, i.e. acetic acid and 2-methyl-2-propenoic acid. This observation was unexpected since long and branching VFAs (C4-C9) have previously been associated with the malodor of swine manure Zahn, et al., 1997) and were present at high airborne concentrations (Zahn, et al., 1997) . It may due to those long and branching VFAs presented at very low concentration below the method detection limit in the diluted dynamic headspace of swine manure tank. Twenty six compounds identified had DTs published in previous studies (Devos et al., 1990) . Detection thresholds are summarized in Table 1 , which ranged from parts per trillion (ppt) to parts per million (ppm) for identified compounds. As many as 23 compounds have an ODT < 1 ppm which mean human nose is very sensitive to more than half of the odorants emitted from swine manure and are important to human's perception of odor.
Aromagrams and Chromatograms of Swine Manure Headspace from different diet
Headspace gas samples of swine manure for different diet were analyzed on a multidimensional GC-MS-O system allowing for the simultaneous identification and analysis of chemicals and corresponding odors and the collection of a chromatogram and aromagram. Comparisons of the aromagram (upper, black line) and total ion chromatogram (lower, blue line) of odors and VOCs in control (diet B, Part A) and treatment (diet H, Part B) are shown in Figure 1 . The major compounds responsible for the offensive odors from swine manure were labeled in Figure 1 Part A and Part B, i.e. "sewer"(methyl mercaptan), "onion, fecal "(dimethyl sulfide), "onion, garlic"(dimethyl disulfide), "onion, sulfury"(dimethyl trisulfide), "barnyard" (4-methyl phenol), "barnyard" (4-ethyl phenol) and "barnyard, piggy" (indole and skatole), etc. It is noteworthy that "fatty acid" (propanoic acid) and "body odor" (isovaleric acid) were only detected by the sensory detector (human nose) due to the concentration of these VFAs emitted from swine manure in this study were very low even below the detection limit of MS detector. This illustrates cases where the use of human nose as a detector in analytical work could be advantageous in finding and identifying of compounds that are 'overlooked' and 'missed' even with sensitive chemical detectors. Close inspection of data shown in Part A and Part B in Figure 1 showed that the most of the offensive odors were decreased when low CP and sulfur diet was used. The total odor events also deceased from 25 in control (diet B) to 20 in treatment (diet H). 
Effectiveness of low CP and sulfur diet treatment on Target Headspace Odorous VOCs
A total of forty compounds were identified from the headspace of swine manure. Among those compounds only several chemical groups contributed to the offensive odor of swine manure, including short-chain VFAs, volatile sulfur compounds, phenolic and indolic compounds Part A Part B (Yasuhara et al., 1984; van Gemert and Nettenbreijer, 1977, Schaefer, 1977; O'Neill and Phillips, 1992) . Fourteen compounds responsible for swine odor belonging to those groups were selected for comparison of the effect of low CP dietary treatment, including seven sulfides, one VFAs, two phenols and two indoles. Two additional compounds (acetone and toluene) were included in the target compounds as well since they showed significant difference between control and treatment.
Sulfur containing compounds are major contributors to the offensive odor associated with swine manure. One of the purpose of this study was conducted to determine if reduced dietary sulfur content would lead to reduced sulfur compounds and odor emissions from swine manure. In this study, two different dietary sulfur levels were used, i.e. 2296 mg/kg for diet B and 1772 mg/kg for diet H, respectively. There were seven sulfide compounds were identified from the headspace of swine manure, i.e. H2S, methanethiol, dimethyl sulfide, dimethyl disulfide, 2,4-dithiapentane, dimethyl trisulfide and dimethyl tetrasulfide.
The relative % reduction was used to evaluate the effectiveness of low CP and sulfur diet treatment. The % reduction of 14 target compounds were calculated by using Equation 1 for comparison of control (diet B) and treatment (diet H). Effects of low CP and low sulfur level diet treatment on 14 target headspace VOCs on three trials are shown in Table 2 . Close inspection of the data in Table 2 shows that average reduction of target VOCs on trial 1, 2 and 3 were 24%, 34% and 16%, respectively. The mean average reduction of target VOCs for three trials was 28%. It is noteworthy that the reduction of 4-methyl phenol (p-cresol), i.e., 6%, 61%, 63% for trial 1, 2 and 3, respectively. The average reduction for p-cresol was 43% for three trials. Pcresol was implicated as being the #1 ranking odorant responsible for the characteristic odor near the source and far downwind swine odor Bulliner et al., 2006; Koziel et al., 2006) .
Almost of all the target sulfur compounds except H2S were controlled by low sulfur level diet, and the average reduction of six sulfide compounds for three trials was 23%. Among 14 target compounds, only indole in the first trial showed negative reduction which means indole was generated 12% in trial 1, however, there was no indole was detected in trail 2 and 3.
Statistic analysis for target VOCs are also summarized in Table 2 . Six out of fourteen compounds had significant reduction including dimethyl sulfide (p=0.0006), 2,4-dithiapentane (p<0.00001), 4-ethyl phenol (p=0.00004), skatole (p=0.0002), acetone (p=0.0003) and toluene (p=0.0133). 4-Methyl phenol (p=0.0745) and methanethiol (p=0.0686) had significant reduction to some extend by lowering dietary CP and sulfur content. 
Effectiveness of Headspace Odor Treatment
Effectiveness of low dietary CP and sulfur on characteristic odors caused by target odorants and total odor evaluated with SPME-GC-O are summarized in Table 3 . Odor areas were calculated by the software using the following equation:
Odor event area = odor duration × odor intensity × 100 (2) Where:
Odor intensity = measured response of panelist on scale from 0 to 100%
Odor duration = (Odor event start time -Odor event end time).
Twelve characteristic odors responsible for swine odor were selected for further evaluation of effectiveness of low dietary CP and sulfur content on swine odor in Table 3 . These characteristic odors correlated with corresponding compounds were included in Table 3 as well. Among those corresponding compounds, there were two compounds, i.e. diacetyl and guaiacol, were not presented in Table 2 , however, the odors caused by these two compounds were recorded by panelist. On the one hand, it was due to the very low concentration of diacetyl and guaiacol in the headspace of swine manure below the diction limit of MS detector. On the other hand, the odor detection thresholds of them were very low as well, i.e. 4.4 ug/l for diacetyl and for guaiacol, so even they could not be identified by GC-MS, they could still be identified by human nose. It is noteworthy that utilizing human nose as a detector is more sensitive than MS detector in this regard.
Average reduction of the total odor for three trials with low dietary CP and sulfur was 19% (Table 3 ). The reduction rate for the total odor for #1 trial was -8.5% with a slightly generation, however, there were 30% reduction rate for #2 trial and 34% for #3 trial, respectively. Most of the offensive odors were controlled by dietary treatment except 'sewer' (H2S) for #1 trial, 'acetic' (acetic acid) and 'barnyard' (4-methyl phenol). Surprisingly, 'barnyard' (4-methyl phenol, pcresol) was dramatically generated for trial #1 and #3. Since p-cresol showed slightly significant reduction for three trial (Table 2) . It was probably due to the generation of m-cresol coeluted with p-cresol which caused the similar odor to p-cresol, i.e. 'barnyard, fecal, piggy'. Statistical analysis for odor showed total odor had a significant reduction (p=0.0262) and some characteristic odor also had a significant reduction, i.e. 'sewer' (H2S) (p=0.0014), 'acetic' (acetic acid) (p=0.00001), 'skunky' (2,4-Dithiapentane) (p=0.0261), 'Onion' (Dimethyl trisulfide) (p=0.0122) and phenolic' (4-Ethyl phenol) (p=0.0168). Compared with chemical analysis in Table 2 , there were two odorants showed the consistent significant reduction for both chemical and odor including 'skunky' (2,4-dithiapentane) and 'phenolic' (4-ethyl phenol). 
Conclusions
Several conclusions can be made from this study:
1. A total of forty compounds were identified from the headspace of swine manure. They belong to fourteen chemical classes with the numbers of compounds in each class, i.e. alkanes (2), alcohols (7), aldehydes (7), ketones (7), acids (2), S-containing compounds (9), aromatics (4), phenolics (5), indolics (2), halogenated compounds (1), ether (1) and terpene (1).
2. Decreasing the sulfur and crude protein content in diet correspondingly reduced methanethiol (p=0.0686), dimethyl sulfide (p=0.0006), dimethyl disulfide (p=0.2696), dimethyl trisulfide (p=0.1777), dimethyl tetrasulfide (p=0.7873), 2,4-dithiapentane (p<0.00001), acetic acid (p=0.6323), acetone (p=0.0003), toluene (p=0.0133), 4-methyl phenol (p=0.0745), 4-ethyl phenol (p=0.00004) and skatole (p=0.0002). However, the mean amounts of H 2 S (p=0.0686) and indole (p=0.6958) increased.
3. Lowering the sulfur and crude protein from diet resulted in significantly reducing the total odor (p=0.0262) and some characteristic odors also had a significant reduction, i.e. 'sewer' (H2S) (p=0.0014), 'acetic' (acetic acid) (p=0.00001), 'skunky' (2,4-Dithiapentane) (p=0.0261), 'Onion' (Dimethyl trisulfide) (p=0.0122) and phenolic' (4-Ethyl phenol) (p=0.0168).
4. There were two odorants showed the consistent significant reduction for both chemical and odor including 'skunky' (2,4-dithiapentane) and 'phenolic' (4-ethyl phenol).
